Relapse is a critical barrier to effective long-term treatment of alcoholism, and stress is often cited as a key trigger to relapse. Numerous studies suggest that stress-induced reinstatement to drug seeking behaviors is mediated by norepinephrine (NE) and corticotropin releasing factor (CRF) signaling interactions in the bed nucleus of the stria terminalis (BNST), a brain region critical to many behavioral and physiologic responses to stressors. Here we sought to directly examine the effects of NE on BNST CRF neuron activity and determine if these effects may be modulated by chronic intermittent EtOH (CIE) exposure or a single restraint stress. Utilizing whole-cell patch clamp electrophysiological techniques in CRF-tomato reporter mice, we found that NE depolarized BNST CRF neurons in naïve mice in a β-adrenergic receptor (AR) dependent mechanism. CRF neurons from CIE or stress-exposed mice had significantly elevated basal resting membrane potential compared to naïve mice. Furthermore, CIE and stress individually disrupted the ability of NE to depolarize CRF neurons, suggesting that both stress and CIE utilize β-AR signaling to modulate BNST CRF neurons. Neither stress nor CIE altered the ability of exogenous NE to inhibit evoked glutamatergic transmission onto BNST CRF neurons, a mechanism previously shown to be α-AR dependent. Altogether these findings suggest that stress and CIE interact with β-AR signaling to modulate BNST CRF neuron activity, potentially disrupting the α/β-AR balance of BNST CRF neuronal excitability. Restoration of α/β-AR balance may lead to novel therapies for the alleviation of many stress-related disorders.
Introduction
The bed nucleus of the stria terminalis (BNST) plays a critical role in the behavioral and physiologic responses to stress (Casada and Dafny 1991; Crestani et al. 2013; Sullivan et al. 2004; Tran et al. 2012; Waddell et al. 2006) . In particular, corticotropin releasing factor (CRF) signaling is thought to be an important regulator of pro-anxiety BNST-mediated responses to stress (Ciccocioppo et al. 2003; Koob 1999; Sink et al. 2013; Walker et al. 2009 ). Numerous studies have shown that CRF signaling is enhanced in the BNST following acute and chronic stress exposures (Choi et al. 2006; Funk et al. 2006; Janitzky et al. 2014; Tran et al. 2012) . In addition, a number of studies indicate that stress or adverse external stimuli can increase norepinephrine (NE) release in the BNST (Flavin and Winder 2013; Fuentealba et al. 2000; Pacak et al. 1995; Park et al. 2012) . BNST NE signaling is critical for stress-related increases in drug-seeking behaviors (Brown et al. 2011; Leri et al. 2002; Wang et al. 2001) , behaviors that require CRF receptor activation (Brown et al. 2009; Erb et al. 2001; McReynolds et al. 2014 ).
Moreover, anatomic and electrophysiologic studies indicate that noradrenergic terminals interact with CRF producing neurons in the BNST (Nobis et al. 2011; Phelix et al. 1994 ) suggesting stress-induced NE release in the BNST can increase CRF neuron activity to coordinate behavioral responses to stress. Furthermore, this circuitry is sensitive to modulation by chronic ethanol (EtOH) (Olive et al. 2002; Silberman et al. 2013) . Together, these studies implicate NE modulation of BNST CRF neurons in anxiogenic behaviors and in stress-induced EtOH seeking behaviors. However, the mechanisms by which stress and chronic EtOH modulate BNST CRF neuron activity has not been fully elucidated.
To that end, the current study sought to directly examine the mechanism by which stress and chronic EtOH exposure alter BNST CRF neuron excitability. Our findings suggest that stress and chronic EtOH exposure enhance BNST CRF neuron activity via similar β-AR dependent mechanisms. Surprisingly, stress and chronic EtOH do not appear to alter NEinduced inhibition of glutamatergic inputs onto BNST CRF neurons, an effect previously shown to be α-AR dependent (Fetterly et al. 2016) . Together, these findings indicate that stress and chronic EtOH target the activity of excitatory β-ARs on BNST CRF neurons without altering inhibitory α-AR modulation of these neurons, thereby altering the α/β-AR balance within this circuitry. These findings further suggest that maintaining α/β-AR balance in BNST CRF circuits may be an important target for novel treatments for stress-related disorders and stress-induced reinstatement to alcohol seeking behaviors.
Methods

Animals
Adult (>7wk old) male CRF-tomato reporter mice (Silberman et al. 2013) were used in all studies. CRF neurons were identified for electrophysiological analysis through the use of CRFtomato reporter mice as previously described (Silberman et al. 2013 ). The CRF-Cre line utilized to produce the CRF-tomato mice in these studies has been extensively evaluated and reliably reports CRF mRNA-expressing neurons (Chen et al. 2015) . All mice were housed in groups of two to five for the duration of the studies. Food and water were available ad libitum. All procedures were approved by the Institutional Animal Care and Use Committees at Vanderbilt University (Nashville, TN) and Penn St College of Medicine (Hershey, PA).
Restraint stress exposure
Mice were allowed to acclimate to the test location in their home cage for one hour in a sound-and light-attenuating box (Med Associates Inc.). Mice were restrained during the light cycle (0900-1100) in restraint devices made from 50-mL Falcon conical tubes (Fisher Scientific) with several (≈15) holes in the front and rear (cap) to maintain airflow (McElligott et al. 2010 ).
While in the restraint devices, animals were placed in individual cages inside sound-and lightattenuating boxes in the same room for 1 hour, and then returned to their home cage for 30 min prior to preparation for electrophysiology experiments.
Chronic Intermittent Ethanol (CIE) CIE procedures were performed as previously published (Silberman et al. 2013) . Briefly, mice were given a daily injection of pyrazole (1 mmol/kg), placed in a chamber filled with volatilized ethanol for 16 hours per day, then returned to standard animal housing for 8 hours.
Mice were exposed to CIE for 4 days (one CIE cycle) followed by three days solely in standard animal housing before being returned to the chamber for a second CIE cycle. On the last day of the second CIE cycle, mice were returned to the standard animal housing facility for either 4 hours or 4 days before being used for electrophysiology.
Electrophysiology 250-300 µm-thick coronal brain slices containing the BNST (Bregma, +0.14-0.26) were prepared from adult male CRF-tomato mice as previously described (Kash et al. 2008; Nobis et al. 2011) . Following acclimation, mice were briefly anesthetized with isoflurane and brains were quickly removed and submerged in ice-cold, oxygenated low-sodium sucrose dissecting solution (in mM: 194 sucrose, 20 NaCl, 4.4 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.2 NaH 2 PO 4 , 10 glucose, 26 NaHCO 3 ). A vibratome (Leica) was used to prepare the brain slices, which were then transferred to a holding chamber containing oxygenated ACSF at 28°C, and allowed to recover for at least one hour prior to recordings.
Whole-cell voltage-clamp recordings of AMPA receptor-mediated excitatory postsynaptic currents (EPSCs) were made at -70 mV and pharmacologically isolated by the addition of 25 µM picrotoxin (Tocris) to the standard ACSF (in mM: 124 NaCl, 4.4 KCl, 2 CaCl2, 1.2 MgSO4, 1 NaH2PO4, 10 glucose, and 26 NaHCO3). Recording electrodes for voltage-clamp experiments were filled with a cesium gluconate internal solution (in mM: 118 CsOH, 117 D-gluconic acid, 5 NaCl, 10 HEPES, 0.4 EGTA, 2 MgCl2, 5 tetraethylammonium chloride, 4 ATP, 0.3 GTP, pH 7.2-7.3, 270-290 mOsmol). A 50 msec interevent interval was used to examine paired-pulse ratio (PPR). Whole-cell current-clamp recordings were carried out at each neuron's resting membrane potential performed with the addition of 25 µM picrotoxin and 3 mM kynurenic acid to the ACSF (to block GABA A and AMPA/NMDA mediated neurotransmission, respectively) and recording electrodes were filled with a potassium gluconate internal solution (in mM: 135 K + -gluconate, 5 NaCl, 2 MgCl2, 10 HEPES, 0.6 EGTA, 4 ATP, 0.4 GTP, pH 7.2-7.3, 280-290 mOsmol). When used, the β-AR antagonist propranolol was pre-applied for at least 15 min before recordings began and remained onboard for the duration of the experiment. All electrophysiology recordings were made using Clampex 9.2 and analyzed using Clampfit 10.2-
(Molecular Devices). Experiments in which the access resistance changed by >20% or
were otherwise unstable were not included in the data analyses.
Statistical analyses
Statistical analyses were performed using Microsoft Excel 2011 and GraphPad Prism 7.
To determine if a drug had a significant effect we compared the experimental values to baseline values using a Student's paired t-test. Unpaired t-tests were used to determine significant differences of a drug effect between two groups. Differences between three or more groups
were assessed using one-way ANOVA followed by Fisher's LSD post-hoc test to determine the significance of a specific group compared to stress/EtOH-naïve control mice. All values throughout the study are presented as mean ± SEM. Graphpad Prism 7 and Powerpoint 2011
were used for figure preparation.
Reagents
All reagents used were purchased from MilliporeSigma unless otherwise noted in the text.
Results
Norepinephrine depolarizes BNST CRF neurons via β-AR activation
Our previous findings indicate that β-AR agonists can depolarize BNST CRF neurons and increase excitatory neuronal transmission onto BNST projection neurons in a CRF-dependent mechanism (Silberman et al. 2013 ). These findings suggest that NE may be a critical signaling component in regulating BNST CRF neuron excitability. Here, we sought to determine if NE may directly alter BNST CRF neuron excitability, and if this mechanism is sensitive to CIE or stress.
To that end, we recorded from tomato+ neurons in the BNST of CRF reporter mice and measured neuron resting membrane potential (RMP) in the presence of both GABA and glutamate receptor antagonists (25 µM picrotoxin and 3 mM kynurenic acid) to remove potential confounds of previously described NE modulation of BNST network activity (Flavin and Winder 2013) . Bath application of 1 µM NE significantly depolarized BNST CRF neurons compared to basal RMP (5.8±1.3 mV, n=12, p<0.005, Fig 1A-B) . The magnitude of NE-induced depolarization was significantly correlated with a decrease in input resistance (r 2 =0.8689, p<0.0001, Fig 1C) . In some cases, BNST CRF neurons that became depolarized began to spontaneously fire action potentials ( Fig 1A, 3 
of 12 cells tested). To test the hypothesis that β-
AR stimulation is required for NE-induced depolarization of BNST CRF neurons, we pretreated slices with 10 µM propranolol, a β-AR antagonist, for a minimum of 15 minutes prior to recording BNST CRF neuron RMP. In the presence of propranolol pretreatment, NE did not significantly alter BNST CRF neuron RMP (0.17±1.2 mV change from baseline, n=6; p>0.05 compared to baseline, Fig 1D-E) . The ability of NE to depolarize BNST CRF neuron membrane potentials was significantly different in control vs propranolol treated cells (p<0.01, Fig 1F) .
Acute stress and short-term CIE withdrawal shift BNST CRF neuron RMP
Mice underwent CIE for two cycles and either acute withdrawal (4 hr) or extended withdrawal (4 days) prior to slice preparation. Recordings of BNST CRF neuron RMPs were performed as above. A separate cohort of mice was EtOH naïve but exposed to a 1 hr restraint stress before slice preparation as previously published (Fetterly et al. 2016) . One-way ANOVA revealed significant effects of stress and CIE on BNST CRF neuron RMPs (F (3,29) =3.376, p<0.05, Fig 2A) compared to cells from EtOH/stress naïve mice. Fisher's LSD post-hoc test showed a significant difference between naïve (RMP= -62.6±2.5 mV, n=12) and stress-exposed mice (-51.8±6.2, n= 5, p<0.05) and between naïve and 4 hr CIE withdrawal mice (-54.7±2.1, n= 10, p<0.05), but no significant difference between naïve and 4 day CIE withdrawal mice (-63.4±1.6, n=6, p=0.85).
NE depolarization of BNST CRF neurons is occluded by acute stress or CIE withdrawal
We next sought to determine if CIE or stress may modulate the ability of NE to depolarize BNST CRF neurons (Fig 2B) . After basal RMPs were determined (Fig 2A) figure 1 ) vs mice exposed to 1 hr restraint stress or CIE exposed mice at 4 hr or 4 day withdrawal periods. * with brackets indicates significant difference between groups. B) Bar graph summarizing the effects of NE-induced changes to BNST CRF neuron membrane potential in naive vs restraint stress or CIE exposed mice at 4 hr or 4 day withdrawal periods. Basal RMP is normalized to 0. * with brackets indicates significant difference between groups. * without brackets indicates a significant increase from basal RMPs significantly different from baseline (p>0.05). However, NE was able to significantly alter BNST CRF neuron RMPs from baseline in the 4 day CIE withdrawal group (10.5±3.9mV, n=6, p<0.05) and this effect was not different from naïve mice (p=0.12).
Stress and CIE do not modulate NE inhibition of glutamatergic transmission onto BNST CRF neurons
Together, the above findings indicate that NE can depolarize BNST CRF neurons via a β-AR dependent mechanism that is functionally occluded following acute stress or short-term CIE withdrawal. Previous work indicates that NE can inhibit glutamatergic transmission in the BNST via a distinct α-AR mediated mechanism (Flavin and Winder 2013; Forray et al. 1999; Fuentealba et al. 2000) . Thus, we next sought to determine if stress or CIE would alter NE modulation of glutamatergic transmission onto BNST CRF neurons. After restraint stress, bath application of 1 µM NE significantly inhibited EPSC amplitude in BNST CRF neurons (-61.7 ±13.1% change from baseline, n=5, p<0.01, Fig 3) without altering PPR (14.3±10.1% change from baseline, p>0.05). The effect of NE in restraint stress exposed mice is similar to previous findings in stress-naïve animals (Fetterly et al. 2016) . Figure 3 . NE inhibits glutamatergic transmission in BNST-CRF neurons in stress exposed mice. Top) Example traces of the effect of 1 µM NE on electrically evoked excitatory postsynaptic currents (EPSC) in BNST CRF neurons from animals exposed to 1-hr restraint stress. Scale bar: x axis = 25 msec; y axis = 50 pA. Bottom) Before-and-after line and bar graphs summarizing the effects of NE on EPSC amplitude and paired pulse ratio. * indicates a significant difference from baseline conditions. ns= not significant.
In 4 hr CIE withdrawal mice, 1 µM NE also significantly decreased EPSC amplitude in BNST CRF neurons (-34.3±7.9% change from baseline, n=5, p<0.05, Fig 4) without altering PPR (0.1±4.6, p>0.05). The effect of NE on evoked EPSCs in 4 hr CIE withdrawal mice was not different from effects in stressed mice (p>0.05) and was similar to previous data in naïve mice (Fetterly 2016) . Together, these findings indicate that stress and CIE exposure do not alter the ability of NE to inhibit excitatory drive onto BNST CRF neurons. As there was no difference in the 4 hr CIE withdrawal group in this experiment, we did not test NE effects at the 4 day CIE withdrawal time point.
Discussion
Noradrenergic activation of BNST CRF neurons is thought to be critically involved in physiologic and behavioral responses to stress, and is a key component driving stress-induced reinstatement to drug-seeking behaviors (Brown et al. 2011; Leri et al. 2002; Wang et al. 2001 ).
Here we provide novel, direct evidence that NE can depolarize BNST CRF neurons via β-AR stimulation. Furthermore, BNST CRF neurons had significantly more positive RMPs following restraint stress or CIE exposure. In addition, the depolarizing effects of exogenous NE Figure 4 . NE inhibits glutamatergic transmission in BNST-CRF neurons in CIE exposed mice. Top) Example traces of the effect of 1 µM NE on electrically evoked excitatory postsynaptic currents (EPSC) in BNST CRF neurons from animals following 4 hr withdrawal from CIE. Scale bar: x axis = 25 msec; y axis = 50 pA. Bottom) Before-and-after line and bar graphs summarizing the effects of NE on EPSC amplitude and paired pulse ratio. * indicates a significant difference from baseline conditions. ns= not significant. application were functionally occluded by restraint stress or CIE exposure. While previous work indicated that NE could also inhibit glutamatergic transmission onto BNST CRF neurons via an α-AR mediated mechanism (Fetterly et al. 2016) , this effect of NE is not modulated by exposure to either restraint stress or CIE. Together, these findings suggest NE can alter BNST CRF neuron excitability via modulation of two mechanisms: 1) direct depolarization of BNST CRF neurons via a β-AR dependent mechanism that is stress and ethanol sensitive and 2) an α-AR dependent mechanism that inhibits glutamatergic transmission onto BNST CRF neurons that is not sensitive to stress or CIE exposure. Therefore, NE modulation of BNST CRF neurons appears to occur via balanced α/β-AR signaling, and stress and CIE shift this balance by preferentially targeting β-ARs.
A number of previous studies suggested that a variety of stressors and drugs of abuse enhance neuronal activity in the BNST in general as well as enhance the activity of BNST CRF neurons specifically (Casada and Dafny 1991; Funk et al. 2006; Janitzky et al. 2014; Tran et al. 2012; Walker et al. 2009 ). Previous data also indicate that CRF signaling may be an important factor in overall BNST excitability and that BNST CRF neurons are sensitive to β-AR stimulation. For instance, the β-AR agonist isoproterenol can increase glutamatergic transmission in the BNST via a CRF receptor dependent mechanism (Nobis et al. 2011 ) and can depolarize BNST CRF neurons (Silberman et al. 2013 ). CRF has also been shown to enhance glutamatergic transmission onto BNST projection neurons, an effect that is mimicked by CIE (Silberman et al. 2013) . Together, these findings suggest that stress and CIE mediated β-AR activation can stimulate the release of endogenous CRF in the BNST from local CRF producing neurons to enhance BNST excitability. In support of this hypothesis, the current findings show that NE can directly depolarize BNST CRF neurons, in some cases resulting in spontaneous action potential firing. This effect is dependent upon β-AR stimulation and is functionally occluded in restraint stress and chronic ethanol exposed mice. BNST CRF neurons' resting membrane potentials are more positive in stress and CIE withdrawal mice compared to naïve animals, suggesting endogenous β-AR signaling may have already occurred. Overall these data provide direct evidence for neurocircuit function previously hypothesized from studies of stress and chronic ethanol activation of the BNST circuits.
An alternative hypothesis for NE-induced enhancement of BNST CRF neuron activity could be that NE may increase excitatory glutamatergic transmission onto BNST CRF neurons.
However, recent evidence suggests that this is not likely to be the case as NE inhibits glutamatergic transmission onto BNST CRF neurons (Fetterly et al. 2016) . Analysis with ARselective agonists/antagonists suggests that NE inhibits glutamatergic transmission onto BNST CRF neurons via a predominantly α-AR mediated mechanism. This is an important consideration as α1-AR stimulation results in a long-term depression (LTD) of excitatory transmission in the BNST (McElligott and Winder 2008) , suggesting an important role for these receptors in regulating overall BNST excitation. Intriguingly, NE inhibition of glutamatergic transmission in BNST CRF neurons is maintained following CIE or stress exposure in this study.
The ability of α-ARs to maintain NE sensitivity following a stress or CIE exposure may be a mechanism by which BNST CRF neurons return to homeostatic activity in response to a prolonged β-AR activation. While the data here examine an acute stressor, α1-AR LTD of glutamatergic transmission in the BNST is disrupted by chronic/repeated restraint stress (McElligott et al. 2010) , suggesting that pathology of α1-AR mediated signaling may be an important factor in the development of stress-related disorders via loss of the ability of CRF neurons to return to a homeostatic state. It will be important in future studies to further examine the mechanisms by which α1-AR signaling in BNST CRF neurons may be disrupted by chronic stress as an avenue for the development of novel treatments for these disorders.
α2-ARs are also involved in regulating synaptic transmission in the BNST (Shields et al. 2009 ), particularly inputs from the parabrachial nucleus to CRF neurons (Fetterly et al. 2016; Flavin et al. 2014) . While the role of parabrachial inputs to the BNST are still being elucidated, α2-AR agonists can inhibit the ability of stress to enhance cFos activity in BNST CRF neurons (Fetterly et al. 2016 ). This finding indicates multiple α-AR mediated recovery mechanisms may be targeted in the BNST CRF circuit. Overall the findings here suggest that the ability of acute stress, CIE withdrawal, and NE to enhance BNST CRF neuron activity is likely due to stimulation of β-ARs on BNST CRF neurons and not via α-AR modulation of excitatory transmission onto BNST CRF neurons.
In conclusion, these findings provide novel direct electrophysiologic evidence to support the hypothesis that stress and CIE enhance BNST excitability via β-AR mediated stimulation of BNST CRF neurons. Previous work combined with the findings here indicate that α-and β-AR work in conjunction, via distinct mechanisms and potentially distinct circuits, to regulate overall BNST excitability and BNST CRF neuron activity in particular. Disrupting the balance of α-and β-ARs in the BNST may be a critical component of stress and EtOH induced behavioral changes. Recent evidence also suggests that competing pro-stress and anti-stress circuits are present in the BNST (Daniel and Rainnie 2016) , the balanced activity of which drives appropriate behavioral responses to stress. While the data here indicate that CIE modulation of β-AR signaling can return to normal levels after 4 days of withdrawal, it will be important in future studies to determine if stress, CIE, or their combined exposures will lead to long-lasting changes in α/β-AR balance of BNST CRF neuron excitability, or differentially alter the activity of competing pro-and anti-anxiety circuits in the BNST.
